Abstract Precise drug delivery to tumors with low system toxicity is one of the most important and challenging tasks for pharmaceutical researchers. Despite progress in the field of nanotherapeutics, the use of artificially synthesized nanocarriers still faces several challenges, including rapid clearance from blood circulation and limited capability of overcoming multiple physiological barriers, which hamper the clinical application of nanoparticle-based therapies. Since leukocytes (including monocytes/macrophages, neutrophils, dendritic cells and lymphocytes) target tumors and can migrate across physiological barriers, leukocytes are increasing utilized as carriers to transfer nanoparticles to tumors. In this review we specifically focus on the molecular and cellular mechanisms of leukocytes that can be exploited as a vehicle to deliver nanoparticles to tumors and summarize the latest research on how leukocytes can be harnessed to improve therapeutic end-points. We also discuss the challenges and opportunities of this leukocyte-derived nanoparticle drug delivery system.
Introduction
Nanotechnology has made a great impact on medicine, especially on cancer therapy, over the past several decades [1] [2] [3] . Doxil ® , the doxorubicin HCl liposome injection, is used to treat over 300,000 patients annually for Kaposi's sarcoma and ovarian cancer after failure or intolerance to prior systemic chemotherapy 4, 5 . The introduction of nanotechnology enables a spatiotemporally-specified drug release pattern in cancer therapy and thus improves the pharmacokinetics of drugs, reduces adverse-effects of traditional chemotherapeutics administration, and contributes to better compliance in patients 6 . Nanotechnology offers another chance for chemical and biological entities that were once excluded due to their toxicity, rapid clearance, and off-target deposition 7 . Nanoparticulate drug delivery systems are mainly constructed of synthetic lipid or polymer-based macromolecules that either physically encapsulate or chemically conjugate the drugs 8 . Despite the enormous progress in the field of nanotherapeutics, the use of artificially synthesized nanocarriers still faces several challenges, including rapid clearance from blood circulation, off-target effects and ineffectively nanoparticle transfer in patients with advanced forms of cancer 6, 9 . Most nanoparticle formulations are administered systemically, and accumulate in the tumor mainly via enhanced permeability and retention (EPR) effects 1, 10 , which is generally thought to be the result of intra-tumor leaky vasculature and poor lymphatic drainage in the tumor region. However, data derived from clinical experiments suggest that the EPR effects in patients are limited [11] [12] [13] . Furthermore, nanoparticles will encounter multiple physiological barriers that influence their effectiveness, such as blood circulation, nanoparticle-protein interaction, extravasation into tumor tissue or the tumor microenvironment (TME), phagocytic sequestration and renal clearance 13, 14 . Therefore, new tactics are needed to improve the therapeutic performance of nanoparticles.
To overcome these obstacles and push the limits of nanoparticle performance, there has been a recent paradigm shift towards cellbased strategies in carrier design 15 . In contrast to the relatively simple components and structures of nanocarriers, cells have a wealth of tactics to avoid attack from the immune system 16 ; furthermore, nanocarriers are able to cross impermeable biological barriers and target specific regions 6 . Owing to these attractive features, cell-based targeting tactics are very exciting for the field of drug delivery due to their high specificity and long-term persistence.
Using mammalian autologous or donor-matched cells as the drug carriers has been proposed as a potential approach to efficiently deliver therapeutics to target tissues, and has gained considerable attention from researchers 9 . Red blood cells (RBC) and leukocytes are the most thoroughly investigated cell types. Owing to a long lifetime of nearly 3-4 months in body, RBC membrane coating has emerged as a promising method to prolong the circulation time of nanoparticles in the body. However, this approach lacks the ability to specifically target tumors. Since then, leukocytes have attracted attention. They function as the "military forces" in the body, capturing and destroying foreign targets that have been recognized as "invaders". Furthermore, the inherit homing ability of leukocytes to inflamed/tumor regions makes them promising carrier candidates for targeting delivery of chemotherapeutics and TME regulators 17 . One applicable strategy of leukocyte-derived drug delivery is to take advantage of the biocompatibility and bio-functions of living leukocytes to extend the in vivo lifetime of drugs and to use leukocytes to target inflamed tissues for site-specific drug delivery. To this end, nanoparticles can be either incorporated or surfaceimmobilized on leukocytes in a "hitchhiking strategy" (Fig. 1) . The other approach is to coat nanoparticles with leukocyte-derived membrane components, which is generally known as a "ghostcell" strategy ( Fig. 1) . The "ghost cell" still preserves the intact membrane proteolipid components on the surface after an extraction and isolation process. The nanoparticles coated with plasma membranes 18 or cell-derived extracellular vesicles 19 can preserve the physicochemical properties of synthetic nanomaterials while acquiring complex cellular functions derived from leukocytes.
Here we review recent progress on leukocyte-derived nanoparticulate drug delivery systems. We start with an overview of features of leukocytes-monocytes/macrophages, neutrophils, dendritic cells and lymphocytes-that favor nanoparticle drug delivery, and also summarize recent applications that show how researchers design delivery platforms based on these features. At the end, we point out the challenges and opportunities of applications that use leukocytes in the construction of nanoparticulate drug delivery systems.
Cellular and molecular mechanisms involved in tumor targeting of leukocytes
In every step of tumor progression, leukocytes are recruited into the TME through leukocyte infiltration/extravasation 20 , and participate in the regulation of immune surveillance 21 . The infiltration is regulated by various chemokines and cytokines produced by tumor cells and other cells that occupy the TME 8 . Once leukocytes infiltrate into tumor tissues they establish an inflammatory microenvironment 22 , where leukocytes are engaged in a dynamic and extensive crosstalk with surrounding tumor cells 23 . Since tumorinfiltrating leukocytes are indispensable components in the progression of the tumor and TME, and each type of cell has its own set of unique characteristics 24 , a deep understanding of the roles of different types of leukocytes that are involved in immune surveillance would help us to develop novel targeted delivery strategies to kill tumor cells and regulate the TME. We summarize the basic properties of leukocytes in Table 1 .
Monocytes/macrophages
Macrophages, derived from monocytes, are vital regulators of the innate immune system 8 . The typical feature of macrophages is that they tend to migrate toward pathological regions, typically inflammation sites and tumors, along chemoattractant gradients 20 . Tumors and the surrounding stroma cells can secret chemoattractants, such as colony stimulating factor-1 (CSF-1) and chemokine ligand 2 (CCL2) 25, 26 , to recruit macrophages and monocytes to migrate to tumor tissue. Macrophages also tend to localize in hypoxic areas. Therefore, this tumor-tropic property of macrophages can be employed in the delivery of drug/diagnosis agents. Moreover, extracellular materials such as polysaccharides, complement, endotoxins and Fc-segment of immunoglobulins and low density lipoproteins can be recognized and internalized by macrophages, providing an opportunity to load nanoparticles into macrophages 27 . As a result, macrophages are attractive as carriers for therapeutic delivery.
Owing to intracellular degradation, loading bare drug directly into macrophages would probably lead to premature drug inactivation combined with uncontrolled drug release 27 , result in limited Leukocyte-derived biomimetic nanoparticulate drug delivery systems for cancer therapydrug content in the desired sites. Incorporating drug into nanoparticles would be helpful to reduce the disintegration of drug inside cells. When macrophages are employed as delivery platform, they could be loaded first with the nanoparticulate drug delivery system ex vivo followed by re-infusion back into the host to distribute their contents to tissues where macrophages home.
Monocytes and macrophages can transform into tumor-associated macrophages (TAM) which can infiltrate into hypoxic areas of tumors 15 . Conventional nanoparticles only have limited penetration into the deep sites of tumors because of the elevated density of the extracellular matrix, high interstitial pressure, and the intratumoral discontinuous vasculature, which hinders the extravasation of nanoparticles through enhanced permeation-retention effects 1, 28 . Thus, the co-incubation of drug-encapsulated nanocarriers with TAMs may be a practical strategy to specifically carry anti-cancer agents to the deep areas of tumors.
Neutrophils
Neutrophils are the most abundant leukocytes and are generated from the bone marrow 29 . Daily production of neutrophils in humans is 2 × 10 11 and they represent 50%-70% of white blood cells 20 . Importantly, neutrophils are the first arrivals to sites of inflammation via transmigration across blood vessel walls, and play a critical role in the host innate immune responses to infections or tissue damage 20, 30 . The recruitment and activation of neutrophils is mainly mediated by several adhesion molecules, such as LFA-1 and β1-integrin 31, 32 , which are highly expressed on the surface of both neutrophils and the endothelium.
During the inflammation, circulating neutrophils first recognize selectins expressed on the blood vessel epithelium, and then roll over and crawl along the blood vessels. This movement of neutrophils facilitates their contact with chemokines on the endothelium surface, which initiates neutrophil activation 29 . Once neutrophils are fully activated, they travel to the inflamed sites via cellular junctions and transcellular pathways 33 . Once neutrophils have infiltrated into tumor sites they are termed "tumor-associated neutrophils" (TANs) and can differentiate into two divergent phenotypes, the N1 and N2 type, dependent upon certain specific tumor-derived factors and with opposite effects on tumor development 20 . Granulocyte colony-stimulating factor (G-CSF), transforming growth factor-β (TGF-β) and interferon-β (IFN-β) are the best-studied factors in this process. G-CSF and TGF-β promote tumor growth and metastasis by regulating transcription factors inhibitors that manipulate the immunosuppressive functions of neutrophils 34, 35 . IFN-β can negatively regulate the pro-tumorigenic phenotype of neutrophils 36 . Cytokine concentration and tumor physiology (such as hypoxia) may also influence the neutrophil polarization 37 .
Dendritic cells
Dendritic cells (DCs) are known to connect innate and adaptive immune responses 6 . They are the most potent antigen-presenting cells (APCs) of the mammalian immune system and can present foreign antigens associated with major histocompatibility complexes (MHCs) on their surfaces to interact with lymphocytes and natural killer cells, and thus shaping the immune system 38 . Dendritic cells are derived from hematopoietic bone marrow progenitor cells and reside in tissues that are frequent exposed to external environment, such as the skin, nose, lungs, stomach and intestines 39, 40 . DCs can exist in either mature or immature states and have many different subtypes. Immature dendritic cells can constantly sample the surrounding environment for pathogens such as viruses and bacteria. Once recognizing disease, vaccine, or pathogen-associated Figure 1 The design schematic of leukocyte-dependent drug delivery and leukocyte infiltration into tumors. As depicted, nanoparticles can either be trafficked by living leukocytes, known as "hitchhiking strategy" or coated with plasma membranes of leukocytes, namely "ghost strategy". danger signals, they are activated and migrate to nearby lymph nodes (LNs) where they encounter and stimulate naïve T cells to differentiate to cytotoxic T cells (CTLs) 41 . After that, CTLs can eliminate pathogens or infected cells. The mature state of DCs is characterized by the migration of DCs to LN to present antigens of pathogens or tumor to T cells. There are multiple DC subtypes presenting in blood or residing in tissues. The two main DCs are myeloid DCs (mDCs) and plasmacytoid DCs (pDCs) which originate from myeloid (CD34 þ ) precursors and CD14 þ monocyte precursors respectively. pDCs are mostly resident in the bloodstream, spleen, LN, and diseased tissues 42 , while mDCs are presented in resident tissues as well as spleen and LNs 43 . Current DC therapies mainly focus on the administration of pDCs due to their accessibility in the bloodstream compared to mDCs 44 , even though mDCs have demonstrated excellent antigen cross-presentation capabilities resulting in an increased CTL response. Intra-tumoral DCs can express indoleamine-pyrrole 2,3-dioxygenase (IDO) and programmed cell death-ligand 1 (PD-L1), contributing to immune suppression and survival of tumors 45, 46 . Given the central role DCs play in initiating immune responses and surveillance, investigators speculate that DCs could serve as an ideal platform for boosting endogenous anti-tumor responses, and induce the effective eradication of tumors. Although DCs are potent antigen presenting cells, they are not usually present in adequate quantity to allow for a robust immune response. Thus, the clinical therapeutic DCs for vaccination are usually derived from peripheral blood mononuclear cells and ex vivo pulsed with antigens, activated, and transfused back to the patient's bloodstream. DC preparations required shorter culture times and are less variable than those of T cells, usually 5 days to produce immature DCs from monocytes and a 24-48 h period during which immature DCs are activated and disease antigens are loaded. A single DC formulation can be used for up to 5 doses due to the low cell dose requirement.
Lymphocytes
Lymphocytes constitute about 30% of the white blood cells of humans 6 . There are three main subtypes of lymphocytes, T cells (which function in cell-mediated, cytotoxic adaptive immunity), B cells (for humoral, antibody-secretive adaptive immunity) and natural killer cells (which function in cell-mediated, cytotoxic innate immunity). The potential of B cells and NK cells have been specifically reviewed in other literature 7, 47 ; in this review we focus on T cells.
T cells can recognize specific "non-self" antigens through antigen presentation 48 . Once an invader is identified, T cells can generate specific responses that are tailored to maximally eliminate specific pathogen or pathogen-infected cells. In response to pathogen infection, some T cells, named T helper cells (Th), generate cytokines that can alter the immune response, while other T cells, called cytotoxic T cells (CTLs), produce toxic granules that contain perforin and lytic enzymes which induce the death of pathogen-infected cells. After being activated, T cells leave a lasting legacy of the antigens they have encountered, in the form of memory T cells (Tm). Throughout the lifetime, these memory cells will remember each specific pathogen encountered, and are able to mount a strong and rapid response if the same pathogen is detected again; this is known as acquired immunity.
There are three main functions of T lymphocytes: 1) directly destroy foreign invaders (e.g. bacteria); 2) activate nearby immune cells through cytokine secretion; 3) amplify the B cell response. The functions of T cell subpopulations varies. For example, CTLs can detect the existence of infected/mutated cells and attack them directly; Th can promote the activation and vitality of CTLs; and Tm can mount a fast immune response once they encounter foreign organisms that have invaded previously.
Leukocyte-mediated drug delivery
Leukocytes are intensely involved in inflammation disorders and cancers 8 . They circulate in bloodstream and are recruited to inflammation sites or TME, so they could be employed as carriers to deliver nanotherapeutics to inflammatory or tumorous sites. Herein, we mainly focus on nanoparticulate drug delivery systems derived from monocytes/macrophages, neutrophils, dendritic cells and lymphocytes as they are well established and studied (Table 2 ).
Monocytes/macrophages
Macrophages are able to phagocytose substances through a variety of mechanisms; hence loading appropriately modified micro-and nanoparticles such as gold particles, drug crystals, bacteria, liposomes or emulsions can result in an appreciable level of drug content within a macrophage. A substantial amount of literature has been published with respect to monocyte/macrophage-mediated drug delivery 27 . The potential advantage of using macrophages for drug delivery is multifaceted. Drugs encapsulated inside macrophages may exhibit a prolonged lifespan since elimination via either renal excretion or liver metabolism is restricted, and these drugs are protected from immediate immune recognition, which can lead to rapid clearance by the mononuclear phagocyte system. In addition to an extended circulation time in body, macrophages enable the delayed release of drugs. One representative case is antiretroviral therapy 52 . HIV antiretroviral drugs were delivered via macrophages in a HIV infection model. A sustained drug release at a concentration capable of inhibiting HIV replication over 10 days was observed with no adverse effects reported.
While the drug carrying ability of macrophages has been proved in many studies, delivery of the drug to its target site and efficiently release of the cargo remains a challenge. Drug release through cell death is the most exploited tactic. In addition, drugs Lung and bone marrow tumors can be released by diffusion across the cell membrane 53 , upon the stimulation of the tumor microenvironment 54 or through an exosome mechanism 55 . However, all the tactics would probably fail if macrophages cannot localize sufficiently to deliver an effective dose at the target site. Since most of the chemokine receptors are located on the plasma membrane of macrophages, which lead the movement of macrophages towards inflammation sites 56 , it would be promising to isolate the membranes alone and employ them as the drug carriers. Choi et al. 57 constructed a nanosized gold shell and allowed it being phagocytized by macrophages in vitro. This nanoparticle-incorporated macrophage demonstrated enhanced infiltration into tumor spheroid and induced tumor necrosis upon near infrared radiation.
In another study, Cao et al. 49 developed a macrophage membrane-decorated emtansine liposome (MEL) that can target lung metastatic sites of breast cancer (Fig. 2) . MEL was fabricated by coating emtansine liposomes with a macrophage membrane to confer the bio-functions of macrophages. The macrophage membrane coating effectively enhanced cellular uptake in metastatic 4T1 breast cancer cells and had inhibitory effects on cell viability. In particular, specific targeting of MEL to metastatic foci in the lung was improved by coating emtansine liposomes with macrophage membrane, and lung metastasis of breast cancers was significantly suppressed.
Inorganic nanoparticles were also investigated. Xuan et al. 58 developed macrophage cell membrane-enveloped mesoporous silica nanocapsules (MSNCs) through a top-down assembly as a biomimetic drug-delivery platform. Properties such as large surface area, high chemical and thermal stability, and easy functionalization of mesoporous silica nanoparticles (MSNs) enables the loading of various drugs at levels exceeding those of other common drug delivery systems, and thus have been used widely in controlled release and drug delivery systems. By employing a templating system, the prepared MSNCs greatly increase the loading capacity for doxorubicin after the template was removed. The MSNCs not only confer camouflage functions, but also endow the active targeting ability mediated by surface proteins on the MSNCs.
Neutrophils
There are several properties that make neutrophils potential carriers to deliver nanotherapeutics: 1) neutrophils can transmigrate to inflammatory sites very rapidly; 2) while the neutrophils' lifespan in circulation is short, the number of neutrophils constitutes nearly 60% of the circulating leukocytes and are readily available 3) the number of neutrophils can increase by hundredfold or more in a short period as a respond to inflammation, and thus the targeting of neutrophils might improve the therapeutic efficacy 20, 29 . Inspired by the trans-endothelial migration ability of neutrophils to inflammation regions, the proof-of-concept investigation of such a theory has been further conducted. Xue et al. 50 proposed that neutrophils were ideal carriers to deliver nanoparticulated chemotherapeutics aimed at suppressing glioblastoma recurrence after the tumor was surgically removed (Fig. 3) . They took advantage of the inherent properties of neutrophils to be able to respond to chemokines released at sites of surgical tumor removal, which was a novel approach to locally recruit neutrophils. To maximize the carrying potential of therapeutic cargo, they synthesized a new type of glutamate-based cationic liposome (CL) and demonstrated efficient neutrophil loading and stable retention of paclitaxel (PTX). The PTX-CL-loaded neutrophils appeared to be unharmed by the loaded PTX and maintained their physiological functions; they exhibited a chemotactic response in response to inflammatory stimulation, and they actively generated superoxide and burst to release their PTX-CL cargo once inside the inflammatory region.
The potential of living neutrophil-based therapies to alleviate and eliminate tumors is widely studied; however, their clinical potential cannot be fully achieved without technologies to reproducibly manufacture high-quality cells, at large-scale and with low cost. Unlike traditional pharmaceutical manufacturing, the products in question are living organisms that can change with every process manipulation. In particular, the associated costs are a matter of ongoing discussion that will continue to evolve as products become more defined 16 . Through the proteomic analysis, it was discovered that most factors involved in the neutrophil migration are located on the plasma membrane. Since then, researchers attempt to coat nanoparticles with membrane of neutrophils to construct a biomimetic nanoplatform by endowing synthetic nanoparticles with both cellmimicking potential and innate targeting abilities at the same time. Kang et al. 33 designed neutrophil-mimicking nanoparticles by cloaking the surface of poly(D,L-lactic-coglycolic acid) nanoparticle (PLGA NP) with inflammatory neutrophil membrane (NM, Fig. 4) . As a proof-of-principle, they hypothesized that the cocktail of abundant proteins of the neutrophil membrane would enable NM-NPs with neutrophils' property to continuously target circulating tumor cells in the circulation and home to their relevant distant colony. This work demonstrated that carfilzomib-loaded NM-NPs hold therapeutic potential for both preventing the de novo metastasis and inhibiting ongoing metastasis.
Neutrophils are capable of crossing the blood vessel wall and transmigrating into tissues to rapidly respond to injury and infection. Therefore, neutrophils could be an excellent carrier to mediate nanoparticle transport across vessel barriers. Chu et al. 59 demonstrated a strategy for activating neutrophil infiltration by direct priming of the tumor tissue using photosensitization. The activated neutrophil can capture the intravenously injected antiCD11b mAb-linked NPs in blood circulation, which was later being trafficked to the tumor tissues.
Dendritic cells
Dendritic cell (DC)-based vaccination is an FDA-approved approach for harnessing the potential of a patient's own immune system to eliminate tumor cells in metastatic hormone-refractory cancer 38 . A phase III trial of a mixture of high concentration circulating DCs with monocytes resulted in positive outcomes, leading to approval of the first cellular immunotherapy (Provenge ® from Dendreon) by the FDA 16 . Provenge ® (Sipuleucel-T) increased the median survival by four months by educating APCs to recognize a specific marker on cancer cells such that targeted T cells were produced.
However, in recent preclinical and clinical studies, the efficacy of DC-based immunotherapy has been limited by insufficient antigen loading and maturation of DCs 60 . DCs display several receptors such as the DEC-205, C-type lectin receptor family, Fc receptor, mannose receptor, and complement receptor that allow internalization and presentation of antigens. Furthermore, antigens and adjuvants can be simultaneously delivered into a single DC, which enables full activation 38 . Based on these features, researchers can design and engineer nanoparticles that modulate the immunological functions of DCs, which include enhanced antigen uptake by phagocytosis, cellular activation, and efficient MHC class I-and class II-restricted antigen presentation.
Cell membrane-coated nanoparticles carrying an antigenic exterior can closely mimic the immunogenicity of the source cells. Kim et al. 61 designed and synthesized immune complexes (antigen-antibody complexes) mimicking synthetic nanoparticulate vaccine for the immunomodulation of DCs and enhanced cancer immunotherapy. Antigen-antibody immune complexes were decorated on the shell of polymer NPs, containing immune-stimulatory vaccine adjuvants. After the in vitro stimulation with NP to induce an effective antigen processing and cross-presentation stimulation, stimulated DCs were then subcutaneously injected to induce T cell-based immune responses and enhanced antitumor immunity.
Lymphocyte
With the advancement of gene-editing technologies, autologous T cells are ex vivo engineered with chimeric antigen receptors (CAR) and reinfused back to patients for the cancer therapy, namely the CAR-T therapy 48 . The major limitation of these therapies is the rapid decline in cell viability and in the functions of the transplanted cells. To optimize these cell therapies, Stephan et al. 51 have proposed a novel strategy to attach drug loaded nanoparticles to the surface of transplanted T cells. Through a two-step process, cytokine-loaded nanoparticles were first covalently linked with free thiol groups on the cell surface via maleimide-thiol coupling, and then the reactive residues of the nanoparticles were sheltered by PEGylation. A combination of two interleukins (IL-5 and IL-21) was incorporated into the nanoparticle. After intravenous administration of the modified T-cells, interleukins were allowed to be released continuously, regulating in an autocrine fashion their carrier cells, resulting in extensive T cell expansion and elimination of tumors.
Similar strategies were also investigated by the same group to deliver chemotherapeutic drug into lymphoma tumors in vivo
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. SN-38, a potent topoisomerase I poison hampered by poor pharmacokinetics, was encapsulated into multilayer lipid nanocapsules which were attached to the surface of the reprogrammed T lymphocytes. The tissue-homing ability of lymphocytes specifically targets SN-38 nanocapsules into sites difficult to access from the circulation, and thus improve the therapeutic index of chemotherapeutic drugs with unfavorable pharmacokinetics. The potential of T lymphocytes in the treatment of cancer has been well described in other literature 48 . Autologous immune T cells are ex vivo modified with tumor-specific antigens and re-infused in patients for the treatment of malignant diseases. One of the limitations of these therapies is the requirement of using adjuvant and drugs simultaneously which generally target multiple cell populations leading to dose-limiting toxicities.
Jones et al. 63 have demonstrated a system that achieves antigentriggered release of CTL-attached nanoparticle drug cargos, which could be useful in cancer therapy. In their work, the killing components of cytotoxic lymphocytes, lytic granules and perforin, were employed as triggers to release therapeutic payloads from CTL-attached nanoparticles. As CTLs recognize antigen presented on the surface of target cells, the lipid-based nanoparticles that were chemically attached to the surface of CTLs are trafficked to the immunological synapse, where the T cell and target cell contact each other. Membrane pore-forming perforin subsequently released at the synapse leads to both disruption of the target cell membrane and the lipid membrane of drug carrier, leading to rapid cargo release. In an in vivo model of HIV infection, they demonstrated that HIV-specific CTLs carrying nanoparticles loaded with an immunotherapeutic agent (the IL-15), can specifically release this cytokine in tissues where infected cells are detected, resulting in strengthened elimination of infected cells as compared to HIV-specific CTLs with empty nanoparticles.
Conclusions and prospects
Leukocyte-derived drug delivery has great potential of becoming implemented in clinics for cancer treatment. As mentioned above, depending on the desired therapeutic effects, there are numerous strategies or approaches which can be selected. The leukocytederived carriers can find their best applications in improving pharmacokinetic profiles, and their inherent ability of homing to inflamed sites and tumor-specific recognition may alter the distribution of loaded drugs and make the therapy more precise.
However, although leukocyte-derived drug delivery systems have good prospects, they are still in their infancy and there are many technical barriers to overcome if such delivery systems are to succeed on a commercial scale. First of all, batch repeatability presents a big challenge. The epigenetic alterations of leukocytes during in vitro culture, purification and sterilization may lead to low batch-to-batch repeatability 64 . Secondly, the viability and function of leukocytes may vary depending on the source, such as ethnicity, age, gender, health conditions and so on, which hinder the development of allogeneic transfusion of leukocytes 15 . Moreover, detailed operating procedures and measurement techniques need to be created, validated and standardized, and the workforces already involved in the pharmaceutical industry have to be retrained to manage these new technologies 16 . In addition, while lymphocytes can target tumor cells more precisely, they are restricted by the sophisticated in vitro stimulation, maintenance of cell viability and the limited yield. In contrast, neutrophils and macrophages are more accessible but less precise in tumor-specific targeting 20 . Drug delivery within living cells also raises concerns of immunogenicity and safety. Regarding the source of eukaryotic cell types, two approaches can generally be distinguished including the use of autologous and allogeneic cells. The advantage of autologous therapies is the minimal expected immunogenic responses, since the immune system of the host recognizes the engineered cells as "self" 65 . However, maintenance of autologous cells is usually difficult and regulatory issues hamper the development. Alternatively, when allogeneic cell types are used to engineer advanced drug delivery systems, concerns about immune responses of the host immune system are raised. From the viewpoint of clinical operation, repeated administration is complicated, due to the development of neutralizing antibodies or severe infusion reactions. In macrophage-and dendritic-based therapies, effectiveness relies on the ability to direct the cells toward pathological tissues. The main challenge still remains controlling these homing properties to ensure the efficacy of these therapies.
Cell membrane-coated nanoparticles exploit a top-down approach to faithfully transfer the entire cell exterior, including both lipids and membrane-associated proteins, onto synthetic nanoparticles. This new class of biomimetic nanoparticles has shown promising therapeutic potential. From a targeted-therapy perspective, they are capable of prolonging systemic circulation which is crucial for both passive and active targeting, while allowing for the use of synthetic biomaterials such as biocompatible polymers to carry therapeutic agents. To fulfill the biofunctions of the membrane, one of the key requirements is to keep the proteins on the plasma membrane structurally intact during the isolation process. Moreover, for cell-specific targeting, the lipid insertion approach provides these nanoparticles with desirable targeting ligands and controlled density without involving any chemical reactions that may potentially disrupt the protein makeup on the nanoparticle surfaces 66 . Alternatively, when coated with membranes derived from selected cells, these nanoparticles achieve cell-specific targeting ability through inherent homotypic or heterotypic adhesions. Meanwhile, cell membrane-coated nanoparticles carry an antigenic exterior closely mimicking that of the source cells, making them excellent antigen-presenting platforms. Effective immune targeting is made possible by tailoring the physicochemical properties of the synthetic cores. Since its initial discovery, the membrane-coating technique has been rapidly applied to nanostructures made with various materials including PLGA, gelatin, gold and silica. For future applications, these materials provide enormous engineering flexibility particularly useful to implement responsive mechanisms for more efficient and specific drug targeting.
In parallel, membranes derived from distinct leukocytes have been explored as coating materials, unleashing tremendous potential to harness novel drug targeting strategies. The use of cell membranes to coat nanoparticles has emerged as a robust and versatile approach for integrating natural and synthetic biomaterials to form functional nanostructures for effective drug targeting.
Such functionalization of nanoparticles represents a feasible method for developing novel, nature-inspired nanotherapeutics with complex antigenic information and surface properties. Looking to the future, cell-mediated nanoparticle drug delivery systems will continue to inspire researchers to develop new nanotherapeutics for effective intervention. They are expected to lead to a new paradigm of thinking on design and applications in nanomedicine.
In addition to the function of transporting drugs inside the body, cell-based drug delivery could also be approached by creating "cell-factories", a platform allowing the production of therapeutic compounds 67 . Several approaches in constructing genetic circuits with various triggers for inducing gene expression have been developed, but they are in essence a universal proof of concept. Dependent on the specific disease, the selected gene segment is placed downstream of a specific promoter element. Upon addition of the trigger, gene expression is induced and the therapeutic protein can be released in the bloodstream. This could lead to a significant improvement in current strategies, in which patients are dependent on injections of therapeutic proteins. In addition, by matching the downstream gene to different triggers, a more versatile and patient-friendly therapy could be generated.
There are still some limitations in cell-based drug delivery approaches, which have to be overcome before they can be introduced as standard practice in clinical treatment. However, researchers from the field of synthetic biology have shown proofof-concept for an extend range of treatment strategies. It is no longer impossible to safely modify the patient's own cells and convert them into drug-producing cells that generate biological drugs at will and in a highly controlled fashion.
